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IIEssmOHKs!s FOR clm8-FIm TuEmAR ImERcoacJm

CHARGE-AORW8-TUEETYPE

By J. GeorgeReuterWI MiohaelF, Valerlno
. . . ,. ..., . . .

011the baais of ourrentheat-traneferthemv, fw=ti- are
presentedrelatingthe variousUmenaiozu3,the alr maa3flow,ti
the performnoe of a orms-flow tubularintercoolerin whlohthe
ohargefI.owEacmom ad the ooolingair throughthe tubes. Based
on theseequatliona,designMS are presentedfranwhichthe
interooolerdesignoharaoteristicsand the intercoolerperfo~m
oan he qulcklydetermined.

A untt vaB testedconsistingof’ah etaggerefl hnka, each mn-
slsting of 28 phoephor-bromze tube6 having a lengthof Ellnchm,
an outerdhmete:-of 0.313Inch,ati a wall thicluzessof 0.006
inoh. The spacingbetween the tubes was 0.012 inch. The perform-
ance obtainedwith thistest vnltoloselycheckedtke oaloulated
performanceed lndkated,that Intorcoolersof the mnular type
hav!ng a relatlvely mall nvmllerof tubehanksmay lJe bothpmot i-
oableand ef’ficientwithoutthe additionof excessiveweightor
volumotc tili”Cl”af’t -enginesupercharge~inetallat~Ons.

The pwi’ mancm of a czmes-flowtubularintorcaoler16 Aown
to be p:=?tioallyindependentof t% fuel-alrratioof the engine
cha?’geat a chargeoutlettempe?atare of 140° F.

IETRCUXKTiON

Amongthe variouedev~ces fer increasingthe powerof the
alrora:t engine,the in~ercoolouholdsa prcminentplaoe. It6
w3mb0H0 i8 twOrm: (1)Cooliq the engineohargeIncreases
lta de~lty and hencethe ohargeenor~; and (2),decreasingthe
ohargetenp~ture peimltshi@er manifoldproasureawithcutthe
oocurrenoeof knock. The intercoolordemands,hcwever,a oerbain
amountof powerexpondit~ owtngto its red 8Wnoe to the flow
of coollngand ohargeair - to the power ~qtired to transport
t-t, In o.-dorto lxavea largenet powergain dug to the inter-
oooler,the dea~gn must be suohthattileweightand tho reslstanoe
to alr flowLW smelland tJ& tmnpemturo drop of the chargeair
(or @6aline-Qlrmltium) is large. This doaignproblominvolves
a nuuiberof variablessuohaQ #W cubelengtii.dkneterratio,the
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tube spaolng,the numberand the ~nt of the tubes,the
pressuredzwpsthroughthe interceder,the air mass flow,and
the Intercoolermight.

No attemptseemsto have been made to correlate all three
“ variableswith Interoooler performmce in mch a manneras to he
of dlreotassist-ce to tke des~gner. A consId.erabloamountof
l-nfo~tl~ Is avatlableconcefi~ the pheIXXMESattend- t~
flowof air throughand aorossmetal tubes. This information
may be usedto predictthe performanoaof qonvkntionaltubular
intercoclersin termsof the variousdesignfactors. It is the
purpcseof thispper to presenta methodbased on currenthect-
tranefertlxmryby ::hichmoh predioticnscan readilybe made.
Thismethodis supported?)ytest rosultaobtainedfrwla labo=
tory lntercoole~-test unithcri.nga comparativelysmallnumber
of tubebankoand clccelyspacadtubes,

The testsand the nnnlyslsworemade from October1939 to
June 1940at the LangleyMemorialAeronautical Laboratory.

APnmmT!3 PImMEriKm3

Figure 1 Is a pktogmph cf t.% test assemblyused in the
lnvesti~tiori.The test equ3pmentccnsistsessentiallyof a cen-
trifugalhlwor drivenb:’a 30-horsepcwordtreot-currentmotor,
an intercoclerto~t writ, an electricair heater,a carburetor,
nnd va~lcuemoasurlngin3tmments, The blownris capableof mov-
ing 5500 cubic feet cf air pm minuteagainsta pressureof 40
1CC11OSCf rotor’.AE the d@yammatic skgtchin figure2 shows,
iho ccolir<air wnd tho hoatodchargeair (or gasoll.ne-airnlxtme)
woredrawnthrcl@ and ac~osstho intercoolortubes,respectively,
h;-thioblower,the relativequnntitiosbei~ controlledby valves
as shownIn the fi~ure. in a largeportionof the tests,air alone
was drawnacrcssthe intoromlor tubes. 1.fow run9 wue made in
wh:ohpredetmrmlnedquantitiesof @soli-newero introducedinto
thisair strou to pr&+ucovario.wfuel-airratioa, The air or
the gasoline-airmixturethatwns cooledwill be referredto as
the “~Ar~e.” The gmoltne was introducedinto the hoatodair
atroemby means of a m=~urotor,and a Ro+uter was usedto mea.
ouro its rato of flow. (Seefig. 2.)

!&m chr.go
BiatingCf five

cir waa h~atodwithan eloctrlcair hoa~m con-
rmitscf 2500watt~each,wired so that my number

——— ._ . . -_ . -—I
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Of them COUldbe elu@o~. me entranoe-alrand the exit-air
teuqmmturesweremeasuredby themnocouplesplaoedat various
posit~ons.@ t,~.o_mssseotionof the alr or the mixturestreams
so that goodavemges ao&l.dhe ol&ined. (s073fig.3.) The
themooouplemnnectlonswere so anangad that illlportamttelUp3ra-
turs differencescouldbe obtainedalmostInstantaneously.The
tube-wallt~emtures weremeasuredby 34 themooouplesso plaoed
alongvaxiouatubesthata goodaveragecouldbe obtained, (See
fig.4.) Air mass-flowmeasurementsweremade by meansof orifice
platesin the air streamsin accordancewith the prooedureout-
llnedby theAmericanSooietjof MeohanloalEngineers(referenoe1).
l?mssuredatawere obtainedwith watermncuuetersccmneotedto
variouspointsIn the system,as shownin figure3. The pressure
drop Gf cocli~ air in the interooolortubesvas detmuinad by
meansof a O.03G-inchcopper tube, vhlohwas preparedfor statio-
pressuremeasurementani was extendedthrou@ one intercooler
tube,the static pressurebeingtakenat 1/2 Inohfromeither
CJndof the tube. The tubewas pluggedat A and had static-
pressureholesat B and C. (SeeJ?lg.3.)

The Interooclertestblcokooneistedof 158 phosphor-bronze
tubes,whichhad a lengthof’8 inohesexposedto the ohargostremn,
an outerdiameterof 0.313inch,and a wall thlcbess of 0.006
Inoh. (Seefigs.3 and 4.) The tub~swerearrangedin six 28-
tube banks,ucrosswhichthe chargeflowed. The tubeswere sup-
portedat the endsby stainless-steelplctesof 0.125-inchthick-
ness,the minimumdistancebetweenadJacanttubeshelng0.012
tioh. The bankewere staggcjredso that the tube centerslay on
the apexescd?equilateraltriangles.

Testsweremade on the intercoolerunit for the purpose of
ohecklngexperimentallythe coolingeffectivenessand tliopres-
suredrops calculatedfrm the heat-transfertheory; The cffoot
of fuel-alrratioof the chargowatIalso detormlned.The test
cotiitlonaooveredari givenIn the followingtable:

.- ..
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Fu91-alz
ratio

o

0

0

0

0

0

,(?50

● 057

.067

,owl

.100

.125
—.—

‘” Rate of
ooollng-a’tr
flow, Ml

(lb/sot)

0.50

.60

.70

.50

.60

.70

.60

.60

. so

.60

.60
——

IWO of Ohargeflow,
h%

(lb/sr3c)

0.08,0.12,0.17

.08, .12, .17

.Oa, .12, .17

.12

.12

.12

.13

.16

“5.L.

.16

,16

.16

charge
tempemtve
different Al
above ~o at
eatrcmceto
Intfmcooler,

T2

(%)

300

300 .

500

156

l~G to 316

156 to 312

261

253

254

246

237

227

.
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+cilooityat entranoe“oftube,feetper seoond

velooitybefozmentranceof tube,feetper seoofi

velooltyat ezit of

velooityafterexit

heat-tranaferrite,

tube,feetper second

of tube,feetpor secoti

Btu per soooml

heat-t.mnaforcoefficientof COOIIW air, Btuper
eocmd por sqaarafootpm %

heat-tmnafercoefficientof c~ge, Btu por secondper
eqme footper OF

rate cf cooling-airflow,pcundsper second

rate of char~oflow,poundsper aocond

dlatancealcmga tube,feet .

tube length,feet

Inaldetube diameter,foot

outaldetube diamotor,feet

averagetube dimnetor,foot
[
+ (dl +d2) 1

tube-wallthickneaa,feet

mlnlmumdistancebetwoonwaldaof adJacenttubes,feet
(aeo

number

number

number

Weight

fig.4(a))

of tubebanka

of tubedIn eachbank

of tubes (m)

of Intorcoolertuboa,pourda

croaa-mctionalarea of an titercoolertube, square
feet (fid2/4)

. . .
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totalarea of tube clearance,aquare”feet (na2)

frontalarea of tubeblink,squarefeet

ratio cf total cross-seotkmal ~ of Intercocler
tubesto frsntal-a of intercoolerblock

cont=ctlcml-loss coefficient

accelerationof g!=vity,feetper secondper second

specificheat of air at constantpressure,(0.24Btu
per poundper %F]

thermalCondt’ctfvityof air,Btu per t3(3COndper square
footper OF per foot

absoluteviscosit;-of airjpoImdsper second-foot

totalpressuredrop or coc?.lngair throughtilsinter-
cooler,inchesof water

totalpressuredrop of char~eacrmm the tube banks
of the Intercooler,inchescf

APenpree=uzzedrop of coolingai~ at
of water

Apfip.ressm-e
Inckes

Am p_?O~S’:1’W
inches

Ape= pressure
water

raker

tube entrance,inches

frictionin tubef3,

drcp rf co.lfngair at tube exit, inchesof

PI pewe~requl’wdto forcecoolhg alr throughinter-
Cxmler tukos,?mrsepower

P~ pwer ?equlredto force
Ix3n3e,horsepower

To co-lhg-alrtemperature

chargeacrcmsIntercooler-tubo

at tube entrance,OF
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%
. . .

F,. -

Tw

T2

T2=

n

PO

P~en

Plex

Plav

P2*V

‘1

U2

7

cooling-airtempemture differentid above To at m
tube mlt , %?,.-,,.. ------ ,..

mean tube-walltemperaturedifferentialabove To, %

ohargetemperaturedifferentialabove To at errtranoe
to interoooler,%

ohargetemperaturedifferentialabove To at exit
of Intercooler.%.

T2 - T2=
coolingeffect iveness ~ ——

T2

stardazdatmosphericdenslty at 59°F and 29.92imhes
of mercury(O.0765poundper cubicfoot)

c~ollng-alrdensity
cl~bicf~o~

c:ollng-alrdensltx
f:ot

arithmeticmean cf
foot

mean ohergedenslty
fost

densityof entrance

at

at

entranceaf tubes,pourdper

exit cf tubes,poundsper cubic

P1en and Plex, poundsper cubic

in intercoolerspoundsper cubic

coolingalr relativeto standard
atmoshpero (Plen/PJ

mean densityof ohargein intercoolerrelativeto
standardatmosphere (p2a#po)

lhloss otherwhe &fined, the subscripts1 and 2 refer
to coolingair and charge,respeotlveQ.
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CoollngEffeotivene8s

At scumdtstance x alongthe lengthof an intercoolertube
the amountof heatper second iiH exckwqyilbotwemnthe charge
and the coclingair throuf$en elementaliengthof tube dx 1S:

dH = ~i2tid2dx (T2av - Tw) = hl fi~l dX (~w- Tx) =

= Al 91 V1 Op ‘Tx

where T2 Is the man temperatureabovo T= of chargeacross
a~r

the tube ard Tx is the teqeratu.m r-hoveTo of the cooling
air et distance x al.oq the tut.~.

Also,the t=talheaL givenup by.thechargeto the first
bank CT tubesIs

H .ns2p2V2~(T2 -T2’)=n A~PIVl~Tl

(1)

(2)

where T2’ is the temperatureof the chargeafterthe firstbank
and T1 1.sthe temperatureof coclingair at x = Z.

Wken TV is eliminabd in equation(1)

Lot

YCilld~ ~ d2

Al Cp PI VI (hldl + h2 d2) =C

Tx .72 (1 - e-ox)
QY

(3)

(4)

(5)

T2+T2’
Because T2 .=-r-, equation(5) becomes

av
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TX=#(TR+T2’) (l-e-m) (6)

.,.-, .,,.
When eqwk~% (6) is sub-etittied‘“i.hequation.(2)and when the

totallengthof the tube Is mnsldered

S z P2 V2 Cp @~ -T# =

=* %-m ‘1 ~ “(T2+ T2’) (1 - ‘=02) (7)

The solutionof equation(7) for T2~ la

where

r

Likewise,afterthe

1
-cl

T2
-$( 1-0 )

-cl
1+~(1-e )

I

Oecondbmk,

r1 -cl
T211= T2! . 1

-* (l-e )

or, frcm equaticn(8),

T2° = T2

and sc on, untilafterthe

‘-1

1 1

-~(1 - e-cz) 2
1 +$ (1 - e-cz)

[

1
-cl ““

T2ex = T2
-$ (1-0 )

-Cz1+~(1-e )

m

Th13refwe, the coolingeffectIvenessis

(8)

——— - —.. --—. —
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or

T2 - T2ex ‘1 -~(1-e
.Olyim

n= El-.
T2

(9)

“- _J

2
m

Ml
- l—i

-cl Il+~~,&e ) ~
-. -.

(9),it In aeenthat the coollng effectivenessFrom equation
is determined37 the &Es flow of the coollngair &d the charge,
the numkerof tube ‘banks,the tubelength,and the quantity c,
vhich,fra equation(4),may bo expressed:

IIecanse

‘1
Alpl V1=~

For thin-walltub+.ni~,s:mhas thatused in Interccolers,
aveiagotli~edimuoter~ he subs”:itutedfcr the ineideand
outsldotube di-amcte?m,that is, $.1= d2 = d. The exponont
In equation(9)may Y.:enhe expressedas follove:

zdtllit
——

m d 1’.1h2 N 2 Ml C
a (10)c’ ‘~qfi hl

1+=

lhe hsat-tmne%r coofficlon% hl and h2 may be evaluated
in termsof the intercoolcmdhmneions,the air mass flow,and
certain@yslwl prcportiosof the chaqy and the COOIIW air by
referrlrgto the researchQwumarlzedin ‘oferonce2 (p.159) In
which

(11)



u

Befxbtu3e ~l~kl for air la praotloallyconstamtat 0.73,
. . . . .- -equation-(U)-m&ybe .wrltten-—.,.

0.8
kl (PIVI)

Iq = 0.01984~

Ml “
~o.2

(12)

The faotor k~KIO-8 showslittlevariationoverthe range

of ooollngtempenxturm that 18 usuallyencounteredin Intercoolers
and a constantvalueof kl/~lod8 = 0.0%?3 at 59°F tillbe used,

4M~
Because fq VI = — equation(12)beccmea

fid%

Ml 0.8
hl = 0.777x 10-3

.#l.8~1.8
(13)

If f>r thopresentthe effectof the presence@f fuelvaporis
nqjlec~ed,t:m heat-trnnsfercooff~.oionchetveenthe chargeand the
tubesmay be obtainedfrcmthe followingexpreselongivenin refer-
or.ce2 (p.227):

(14)

the
The sub~crtpt f hdlcatos that the phvslcalprcpefiiesof
chargealr are basedon a filmtemperature,whichis an average

of the mean char~eair and the tube-walltemperatures.

%f
When the factor — is takenat a filmtemperatureof

kfo”Gg
v100°F at 0.00951and beomse p2 V2 =fi equation(14)becms

0.~246x 10-2 M#d”*6g
%?= d ()G

(16)

An investigationof the effectof the 81r temperatureon the
COoli~ ef’fectlvenegs~md tht, when the thermalccnduotlvlty
k and the abholnteviscosity p In equation(11)are evaluated
at 100°F Insteadof 59°F and in equation(14)at 2000F Instead
of l@OaF, the diffmence het%on the effectlvenessesIs less than
1 percent,which is wellwithinexperimentalaccuracy.

-—.
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When the valueaof
and (15),respectively,
l’OBtit6

hl and ~, m givenby equations(13)
substitutedin equation(10),there

The appllcatlsnof the binomialtheoremto equation(9)shows
that the variationIn m as It appearsexplicitlyIn equation(9)
has a negllglhleeffecton the coolingeffectiveness.The influ-
encecf m on the coollngeffectiveneaa28 thrcmghIts effecton
the exponent c2. The factorsupcnwhichthe coolingeffective-
nessdepends,therefore,are shownh equations(9)and.(16)to be
~d/Ml, lid, M1/~, ~ ~ia.

In orderto make graphicalrepreaentat.ionsless complicated,
the variable Nd/M1, whichhas a relativelymall effecton the

ooolingeffectiveness,may be accountedfor by lettlng

1( )(ln&’\o‘ 2
3 Ml.’ .1OQ”2 :)

( ‘eq

(-) (#”35 = 100”36(=)—
s eq{s)

wherethe subscript eq

It Is evidentfrom

means equivalent.

the precedingeqmtlone that,when

and (~jeQ =(*). For valwf3of Na,/M1

other than 10, piots cf the precedfi equtlons @ve the corrections
to be appliedto 2/d and red/sto ohtalnz~

~d)eq a ~~)oq”

Equatim (16)can nov be writtenas:

()0.01612 :

cl =
‘0

ay”” (~:”6’. (DJC6’

(17)

1 + 0.484 (M2
eq

— -.. I
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Thus equation (9) maSIbe written

,, .. .....

[f

~ = --0 ,. ,.-,
~ ~)

Chartabared on equations (9)
showgraphloallythg effmt of the
effectlveness,The experimentalverifioatlon.Of ~.i~ (9) - .
will be dlscumed laterin this report.

..

Pmasure Drop of Cool~ Air

Entrancelosses.- One oauseof the ~em-e drup ect%he-tube.—— —. .. .-.
entranceID the ccmwrsioa of the statichad intod;mo?nic-head.
beoaum of the mductlcm of the flow arwa. From ‘Eeruou2fi ~a ..

‘iUem is alsoa drop in tlm preseuremar-the”entmuma&trl J
hutedto the Inc.reuseInmar- velocitythat resultsfrcauthe
ohang:jh veloaitydistributionalongthe tubediameter...This.
drop In ~~9e~, acoo.ti~ to refemnoe 3 (p. 51), is

●

Apen”= 10.4: Vaz, whlohmay be-writtenas:

(19) -.



r . .

14

the tube

where e

mntraotion of’
oases a 10s8,

tha air dream hmedlately after it enters

litlioh further reduoes the premnare by

1s a functionof the area ratio f. Vi31uesof e were
takenfram reference2 (pp.121-122). Thh equation
by elimlnat3= Va

may be written

(20)

Frlcticnalloss in the tubes.- The preSSUredropdue to fluld
f~lcticn Apfr is given3Y the r annlng equat Ion as

5.49M12 2 F
APfi =

10.4B PlavN2 d5

where (fra refmenoe 2t p. 111) the frictionfaotoris

F = ().049(R)-0”2(5000 < R < 200,0@O)

Reomse the Reincldsnumbcm

R.
%

vla
av

PI*V

lqav = 120 x 10‘7 at 590F,

m

(22)

I& (2 + P) P~en
If —=— —

(2 +m) P.
Is substitutedIn eqmtlon (’21)

00

1
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If, in the calculationof the frloticmal.10SEItn equation
(22),the abmalutevisoositywere evaluatedat 100°F insteadof
at 59° F, the frlotional-lossimrease wouldbe only1.2 peroent,
whloh 1s wellwlthlnexperimentalaoouzuoy,

A sllghtreduotionin pressurein the tubesoooursbeoause
of the velooityInoreaseresultIng fromthe progressiveInorease
in ooollng-airtemperaturewhen the ooolingalr traversesthe
length
tc the

of the tube: Thispressuredeorease(by equatingforoe
mte of JllW?lentumohange) is

Plen‘a m
Vaz V.

A~=— (V.- VJ = ~
5.2 g ()

-1
5.2 g <

%en
Beoause V= = — Ta

PI*=

’10+ TL + 4S0
Vc =

(
lv-

or

(Vo= 1

Then

Plen
— A%
Po

Erlt losses.
rivedby equat*

To + 460 ,1-U

‘1 ~ v*(l+p)va+-,~ a

()
A V (25)= 5.2 P& ~d%

- The pressuredrop at the tube exitmay be de-
foroeto the rate of ohangein munentum

— .—. .—.—— .- —- -— -— ---- - —.
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If

the foiwgolq wqua~ion

(24)

which.iEIevldpnklya negptl~epremium drop,tkt la,a presauzz....
rl 80.

. . . . . . . . .----------- ...*. . -.. . -. .

Pre8s-me l%op of Charge

The pmmre drop 0# okarge wtoss tube bmlm In staggered
mm, accord’ng to reference 2 (p. 120), is .

(%!le.z)4@2av v z~llt

&pz =
5.2 (Zg)

wimre V
L

Is tilevelocit~Of chargethroughthe mlnh.mlapace

betweenthe tubesand

Because %P
‘?!xlx=1“~’0 P2

av

&:d Pz = 127 X 10-7 at 100°F
lav

It fcllrw t>at
-.-r--------------- --- ..

.—
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%BV -) b-)(+Y=..0 1344m0”78f % “7s%3 e,.,,.-,, — AR ,., “. . P= %2 PO g \Nd2- (25)

If, In the oalculatIonof the frlc%nsl IOS6 in equation
(25),the abDoli.~teviscositywere evaluatedat 200°~ instead
of at 100°F. the i%lotional-lossinoreasewouldbe anQ Q.8 Per-

withinerperlmsntalacouracy. - -

LnterooolerDesignCharts

showethatthe equationsfor effeetivenese
and pressuredropsmay be expressed& .

‘Z Ml rd Nd2 1
l-l= 9 (-, --, —, — )m (seeequations (9)ml (16)) (26)

.d,~ s M1’~) .

(28)

~:
t, “

—=a=Nd ZTct P.t = welg’~tfaotor

+,o%l tube crrss-S9C t ional areaf=—
“--xrkalarea of IntercoolerblockJ

or
. .

,

.

.— --— —___ .._ - -- —
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I

4 (dg + a) :’
1
0.8G6 (~ + s) (m - 1) + dg

J

h A
A plot of equation 29),whiohwill be discussedlater,ohows

)that LUy varlatlonin t Cl overthe rangeused in titercooler
practicehas llttleeffecton f, the azma ratio. Acoozdimgly,
tjd was takenat 0.02 in equatltm(29),EIOthat

()f.!J/ E
d)m

(30)

It uas previouslystatedthat c is a funotionof f and that
the expansionof equatfon(9) into a series by means of the blnomlal
theorem shows that ths effeot of m In equat km (9) Is ne@lgible.
h expressions(26),(27),aml (28)that l/d t- have small
exponents,so that theseterns,for any variationin tube diameter
vitkinthe rangeused in alrcrafiIn%erooolers,have littleeffoot
on the effeotIverxmsand thn pressuredrms, The principaleffeot
of the veciatlon of tuke diameter Is abtalned tlmou@ lts influence
on the lid and the ti~fl tezms. For this reasonthe tubodieamter
for the I/d tezm uas takenat an averagmvalue of 0.30 Inoh, The
faotor ~ 1s InvolvedIn the preamre loss in the Interooolertubes
due to the heatingof the cool- air, ‘whichis a smallportionof
the totalloss, This factorwas evaluatedas 0.06 In this analysis
and shmildrepresentan averagecondltIon.

When expmslons (25),(27.),and (28]are rewrittenon the
basisof the precedingdismzssion,

(32)

—— J
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Ths termsIn expressions(31),@2~,,and (33)are the baaio
variablesconslderodin tli6construotim~“ofthe desl~ charts. ..
Uwpeotion of expresela (33)showsthat,for an aemnaed value

M .CJ2 Am CUMI m, the value of -/s azd henoe f (almS-

EIlon(3o)) is determinedby ~/a. “~ ek&?se~~ (~?).it.X,”

be seenthat for a gimn mm of ~aj f, ~ al AT?l t~

vaiue”of Z/d detmm&bs B@%. TINE!all @e texmswon whlol-

v depends(exprossiori‘(31))haveUeezi6%=l”uat@.

‘me poww -WX$.llrtito $OrcecooliI?g
is

5.2 Ml Apl
pl. —

r?5Clq
ev

or

air throu@ the Intercoolor

...

But

then

(34)

on, yhen the powor is oxpreasodas a percenta~ of the engti brake
horsepowerfor a fuel-airratioof 0;08 and a spcml~iofuel consump-
tion of 0.5 poundper brnkehorsepowerper hour.

U12q..x100

brakehorsepower

1“60
=.3% (35)

.
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Likewise,
staggered-tube

the power requlmd to force the
banks of the ~tercuolermay be

chargeaorcm
expreaaedas:

the

and fm a fuel-airlYitlo“of0.03and a specificfuel consumption
of c.50 pc:ndper brake hoi-aepc:mrhour as:

# P2 (100) ~ f2:2)
brakelvmwepcwer= 576

(36)

The dimensionscf this type of Intermmlermay be expressed
aO follows:

The dimcnaianof the block in the directionof checrgeflow
la

le = o.tm (d2+ s) (m- 1) +

The widthof the block1s

N (d2 + s)wl=-
m

The volumeof the block thorefoimis

v =lzew

because Z Is the dlmencion in the direction

RESULTSAND DIHXSSION

Test Results

d2 (37)

(3a)

(39)

of coollng-alrflow.

i~lgtwe5(13) sl~owsthe effectcf mass flow of coolingair and
c~haI-&on tho c:olingeffectivenessof the intercoolertest unit
shcmmin fi~c-es3 and 4. The CU-.WSwem cmputrd from equatioa
(9);thedeslgnstedpointsimpresentthe experimentalvalues.
Testswwe made for various values of.chargeInlettemperature,
but no differencesIn coolingeffectivenesswere obtainedbeyond
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the limitEIof erperlmentalerror. The resultsof the variation
of coolingeffeotlwenesswith ohargeInlettemperatureare shown
in figure-5(b). F@ure 5(0) showsthe resultsObtdJlOdby flx
~ollne-atr -urea horossthe fnteroooleruhtt insteadof alr
alone. The smalleffeotof fuel-air ratio on ooollng effeotivemess

may be noted. The temperatureof the ohargeleavlngthe interoooler
was approximately140°T Ip the testsIn whlohthe fuel-airr@lo
was varied.

The pressuredrop suetalnedby a @ven mass flow of &olh-
air mfxtureaorossthe titerooolerunitwas sllghtlyless than the
pressuredrop for an equalmass flow of air. This phencunenonis
an Itiioatlonthat fuelM not colleoton the interoool.ertubes
beoausean Inoreaeedpreos~ drop wouldbe expeotedif the tube
spaceswere olog@ with condemed gasollne. The absenoeof an
Inoreasedpressuredrop oannot,however,be takenas a defInite
Indicationof the lack of condensationbeoauseof the possibility
that the high ohargeveloclt~my prevent~ aooumulation of gaso-
line on the tubewaKls. Inspectionof the tube blockafterruns
showedno evidenceof liquidgasolineaboutthe Intercooler,and
It is believedthat no condonationoccuxrod. At low ohargetam-
perat.uresappreciableoondeneatIonmight OCOW.

Figure6 showsthe pressuredrop of chargeafr acrossthn
interoo>le~test UIII%as a function0“7tilezato of ohargeflow.
The ccmputedCUYve Is basedon equaticn(25)and the experimental
curve1s drawnt?r:oughthe testpoints.

Figure7 SLOWSt;ie sevonalpressurechangesin the cooling
air when It passesthrovghtho intercaolerunitas a whole. The
salidIlnesJointhe valuesccmputedby means of equations(16),
(19),(20),(22], (23),and (24];tho indioatedpointsdenote
test values. As a whole,good agreementbetweentho ccmputed
and the experimentaldata Is shown.

FigureO, whlohis basedon equations(9) and 17), shows
that q Increaseswith )M@s, (z/d)eq, M (M s)eq at a
rStGtkt djjnini~esas thesev~~bles incmaae,
of Z/d and M/s on q is nearlythe someas th%o~fi~~~d)
= (~~s )eq. The correotlonsto be appliedto Z/d ad ~~q
to obtain (Z/d)oq and (~/s)oq aro plottedIn figure9 as
funotlonsof Nd/~ . lQua%lonspresentedearlierIn this report
indloatethat ~ inoreasoIn eitbr Z/d or @/s 1s aoompan$ed

by an Inoroasoin pressuredrop, eitherthroughor acrossthe

----- ..— —- —. . .. -----
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tntercooler. Therefore,an elttshtptto attain.hi@er moling e5-
fectivenee~esby increasing Z/d or red/s id curbedby reason-
able lhlts 01 pressuredrop. :

The equatiotirel.at@ “thepressuredrcfpbf oool~ alr and
ohaii~to variousilesignfaotoreare P.Y.a*tedIn”figw?ee10 and
Xl., re~fititivoly. Tlgure12 showsthe v--~stion or’the area rat10
f with s~d, t/d, ati m (f’ranequation(29)). Tra contracticnel-
10ss coefficlont e U8* in calculatinga part of the coollng-air
entzunco19ss90is replottedIn fIgwe 13 (frcm zwference2, pp.
121-122),

-—. _ . ..
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effeotlvenesswith coollngeurfaaeIs to be expeated. Further-
more,tith oonetanttube e~oe the aoollngdeoreaseeCM l~a
beocmeslar~r when the pressuredropsthrough@ aorossthe
Interooclerare oonstant.=*J” aa.well.asths-~swre

diops, Is constant,kwever, the moling effectivenessI.noreases-
with l/d but onlyat the oo6tof inoreasedmoling area and
thusat the coBtcf lnc.reaaedtubeweight.

The tablesat the top of figures14 and 15 showthe power
expendituresInvolvedIn the operationof an Intercooler.The
nwuimmndrag involvedIn forcingcoollngair throughthe tubes

is shown to be a littleover1 percentof the engine-brakehorse-
-r. Thesetablesand figure16(b)also indloatethat the power
requiredsf the superchargerto forcethe ohargeacrossthe tubes
is lessthan 0.5 peroentof the.engtiebrakehorsepower.?&mu
this fact it appearsthatthe powerexpenditureof a properlyde-
signedtnteroooler,asidefromthat required for traneportation,
may be seoondaryin Importanceto weightand size In many oas~s.

The abscissasoaleon the designcharts(figs.14 and 15)
has beon convertedfor a specialoaso Intoanothermale, nsmely,
the Intercooler.tubeweight,poundsper enginebrakehorsepower.
This oonverslonwas made for an englm fuel-airratioof 0.080,
a speciflo fuel consumptionof 0.5 pourdper brokehorsepower.
hour,and for steeltuheewith a wall thicbsas of 0.006inoh
and a densityof 0.264poredper oubiolnohby multiplying
NdZ/q by

the erpresslon
L (36~8(12) J

bolnga uuit conversionfaotor,

All valvesoccurringIn the tablesat the top of figures14 and
15 wherebrakehorsepowerIS involvedare likewisebasedcn a
fuel-air*atlo of 0.080and a specificfuel consumptionof 0.5
poundper brakehorsepawo.’-hour,

The power for forcingthe oharge through the titeroooler
Is probablyof greaterimportancethanthat requiredto force
the coollngafr 2JeOaUSGof the reduotionIn mazinynuenginepower
with dooreassdInteroo”olktidisohargepressLuw. This roduotion

.— —. —.- —
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in maximumenginepowermay be estimatedfor a giventemperature
drop of the chargeby aesumingthe enginepowerto vary dlreotly
vlth the manlfold pyemure, The ZWI.LLtive bportame of these
power lossegand of thosedue to Intemoler weightti sizede-
pendson the designaml the speedof the airplane. it was there-
fore oonslderedadvisableto make this Informationreadilyavail-
able to t’hedesl~r (figs.14, 15, ad 16) ratherthanto pre-
sentopttiumdeei~ or a method of obtainingoptImn desl@s
based on acme artificial figureof merit.
of Importtume is the externaldrag of the
drag oan vary from almoatzeroto several
drag,dependingon the blet looatlone.

An ddltlonal factor
cooling-alrInlet. This
timesthe coollng-air

Illustrationsof the Use of
the InterooolerDesignCharts

A prooedurethatq be followedh usingthe Interoooler
designohartsis shownby means of severalexamples. Let it be
supposedthat an IntercoolerIs to be designedfor the followlng
set of conditions. .

Case I (sealevel]

Engine *cteristics:

(l) Brakehorsepower. . . . . . . . . . . . . .

(2) Speclflcfuel consumption,poundsper
b~ke horsepowerper hour . . . . . . . .

(3)~uel-air ratio . . . . . . . . . . . ..O.

Desiredtitercoolerdimensions:

(4) Lengthof tube 2, feet . . . . . . . . . .

(5) Avemagediameterof tube d, feet . . . . .

(6) Numberoftubebanksm . . . . . . ..OO

(7) Tube-wallthiclulesst, feet (steel
. density,4901b/tuft) ..0.. . . . . .

1000

0.50

0.080

5/6

1/48

5

0.0005
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IMeroooler llmihti-;

(!?) charge pmuim dmp AP2,

(10) Ilelativedensityof ooollng

(11) Relative density of oharge

Deelred lnteroocler perfoxnuznce:

Inohes water . . . . 10.0

alrul . ..”... l-o

~2. .9. ..lm Olm O

(12) CoollnGeffectivenessq, peroent. . . , ● ~ , 75

It Is desiredto findthe followlng oharaoterletlcsof the
interc~oler:

Numberof tuhee IV

Tube apaclng e

Wei@t of inte1.0001ertubes llt
coolerblock

Power ~equlredto foroecoollng

and dimensionsof lnter-

alr tlmmgh the Intercooler

Powerrequiredto forceOIMU”SOaorom tho tube brinksof the
IntercoolerP2

Weight of oool~ alr handledby the intercoolerMl

From Items(6)@ (8)to (11)it Is seen that m . 5,
OIA~ = 6 Inchesof water,and tY2Ap2= 10 Inchesof water.
Figure14 (o)appllosfor this ease.

(13) From ltams(l),(2),W (3)

1.736pourdspet”second

and (5)

-—
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(15) Ifi%We14(o) and itemls(12)d (14)al% used m

~ . ~.5
.“

(16)

f’rcanvhichthe coollng-air

(17) If figuren(a)

“%2

weI@ Ml la 8.0 potis per secti,

and item (15) m used

Ilii— = 176s

(18) ~mber of tubes

~ ~a item (15)x ~ (22,5)(1.736

la = (5/6)(1/48)1

(19) Tube spacing

md (~) &
s =— = — = 0.000592foot

item (17) 176

= 2250

= 0.0071inch

(20a) Weight of intercoolertubos Is Item (7)X item (13)X
Item (1:)XXPt = (0.0005)(1.736)(22.5)(0.2M)
(1728x)= 30.1pctllwh

(20b) Dfhnensionef titorcoolerblock in directionof charge
flow fromequation(37)and items (5), (6), (7),
and (19)Is 0.G66 (0.0213+ 0.0C!f1592)(5 - 1) +
0.0213= 0.0972-footor 1.17 Inches

(20c) Width of intercoolerblockfrom equation
it- (5), (6), (7), (18),- (19)is

~ (0.0213+ 0.000592).9.86 feet

(38)and
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(2(H) Volme of titerooolerblockfrom equation(39)EU@
-.. . ., , Item (4) is therefore

~ ‘~0.0972X“i 80 : 0-.800cubio‘k% ““- ‘ -‘---

or 1382 cmibio“inohee

(Thisammgement is suitablefor interoooleraof the annular
type . The dlemeterof the

3.1 ft.)

(21) From tablesat

Ghaifgeflow

02%2
(22) Also, ~ =

cumuluswouldbe approximately9.86/3,142.

top of figure34(c) end item (16)

horsepowerpor poundper secondof

1.24 hcrsopowerper poundper 13eccmd

rf dle&@ flow

(23) Ccolingpower

item (21)x lq
% = = 6.10horsepower

012

(24) Power to forcethe Cha.I-gOthroughthe interoool.er

item (22)x%
P2 . = 2.14 horsepower

022

(Foroonvenj.enoefi~.14(c)also givesitems (20),(23),and
(24) as percentages of the brakehorsepowerbased on a specifIc
fuel ooneunrptlonof 0.50poundper brakehorsepower-hourand a
fuel-alrratioof 0.080.)

Case II (13,000ft)

The designof an Interooolerfo~~an altitudeof 13,000feet
for the - engl~ o~tions, oool~ ~ffectiveness,tube ~-
mensims, and llmitatl~ as in ease I. .

I

— —



. ...—- —.—— . ——.-——
I

2e

Frcm a tableof ~ altitudes ~ = 0.671, so that

the valueof CYIAplts now 0.671x 6, tich equals4.0 Inches

of water. Figure14(b)is thereforeused. Items (13)and (14)
of caseI 81s0 apply here.

(25) If’ figure 14(b)and item@(12)and (14)are used
Nd1

T
= 26.5

(26) 5=43
%“

frcmwhich the weight flm of the coolingair

Ml . 7.5 pc~s per second

(27) “Iffiguren(a) ahd itsm (25)are used
md—=202s

(28) Numberof tubes
Item (25)x ~ (26.5)(1.736)

N=
21 = (5) (1/48)

(29) Tube spacing

= 2659

md
s = Item (27)

= 0.000514foot = 0.0062

(3~) Wei@t of IntercoolertubeeIS:

Item (7)X item (13)X item (2:)XX%

(0.0C05)(1.733)(26.:)(0.2R4](l?2&r)
35.5poluxls.

(31) From taile~at top of f@ure 14(b)and item (2S)
~1~1
— = 2.18horsepowerper poud per seoondof
%

chargeflow
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(32) Also,
0%
2 ? = 1.24 horsepowerper pound per setxmd of

Oharge flow

Itam (31) x ~
(=) PI = @ = 8.42horsepower

itam (32)X ~
(34) P2 = = 2.14horsepower

022

(Ifthe performanceof an intercoolerhaving30 banksof
tubes la doslred,fig.15 is used. For othernmuborsof banks,
linearinterpolationbetweenfigs.14 and 15 is suffiolently
accnmto. Tho valueof red/s for a nuuiberof banksotherthan
five Is foundb~ multiplyingthe value In fig. n(a) by the mtlo
givenInflg. n(k).)

Case III (sealevel)

The effecton Intercoolerdinenslonsand performanceof a
C- In p-ess.red:wp of the charm (G2Ap2) from10 inches
of water (fx whlct.~l~s.14 and 15 have been drawn)to another
value is illustratedb~ the followl~ ease.

Suppose that in ease I the ckirge pressure drcq? AP2

(Item(9)) Is increasedto 15 lnohesof waterand that the other
Intergaolerlimlbatlons,the desiredintercoolerdimensionsln-
Cluding N, and the emghe ohraotcristlcsremainthe same. It
Is desiredto f!ndthe effectof this inoreaseof Ap2 on the
ooollngeffectivenessand the characteristicsof the lntercociLor.

(35) ~@P2 = 15 Inchesof water

(36) Figure16(a)@ves the peroentsgeto be addedalgo-
braioallyto the ooolingeffeotlvenessgivenby figure14(c)
for u#~ . 10 inchesof water. In figure16(a)for Z/d = 40,

~A~ = 6 inohesof water,@ ff~Ap2-15 Inohesof water,the

correctionis 2 percent. Ih ease I the effectivenesswas 75 per-
cent,so that the new effeotlvenessis 75 + 2 E 77 percent.

.. -... .— -..— —— .-. . .
1
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(37) F- figure16(b)the power required to forcethe
OhEWJ throughthe Interooolerincreases to 3.21 horsepower.

(38) IW& axd the tubeweightremafnthe same.

(39) M1/M2 -- the mama

(40) Fran #ure n(a) for 0#~ = 15 inchesof water

and item (38), ~ = 215. ~

(41) FYam Item (40)- the constantvaluesof m and
d the tube spacing B = 0.00582 Inch.

(42) Because cf the closer- Lubespacing,the entrmme-edt
10SSof the ccollngair decreasessl@htly, so that Ml actml-
ly Increases.The changesin Ml overthe rangeof U#P2
coveredIn figure16 ale ne@lg131e, however,db that Ml and
thusthe powerrequiredto forcethe coolingair throughthe
interccolerremainssubstantiallyoonstant.

Case IV (sea level)

For the purposeof illv~tlat’tngthe use of figures8, 9,
and 10 and of checkingthe resultsobtainedfrom the inter-
cooler designcharts(fl~s.11, 14, and 15), let it be desired
to oheckthe coolingeffectivenessq and the pressure drops
AP1 ~ AP2 of the Interooolerhavingthe samephysical
d.tueneionsad the same mte of oool~ alr and chargeflow
as in caseI.

From case I the Intoroeolerphysioaldimensionsare:

Item (4), Z = 5/6 foot . .

Item (5), a = 1/48 foot

Item (6), m = 5 - of tubes

Item (7), t = 0.0005foot

Item (19), N = 2250tuhea

Item (19), S = 0.000592foot

-.—-. -
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A160 the ahargead moling-airnEu3sfleware

Tteun(13), ~ = 1.736poundsper soooti “
.- . .

Item (16), Ml = 8.0 pounds‘persOo”&d -

(43) Frmn it- (5),(16),and (lQ) , “. :. .
.

4M1 4 x 8.0—= m 10.4
aTd%

(r
%x & X 2250

(44) If f@ure 12 and item (5), (6), (7),and (19)are
Used

f = 0.76

(45) If figure10(8)and item (43),(44),and an average
13 cf 0.05are used

~ (Apen+ APm) = 1.00 inoh of uater

(46) l!immitem (5),(16),and (lH)

Nd=6
~

(47) ~len fm f@xre (9)and itcme(4), (5),and (46)

(Z) = 40X 0.90 = 36
\“leq

(48) Fmm figurelo(b)
P = 0.06

%*%W =

(49) yo:igure lo(c)
.

and item (43),(47),@ an averqe

4.70 inohesof water

and item (43)and an average @ of

GIA~ . 0.50 inchof water

(50) The totelmollng-alrpremmre drop obtaineaby adding
item (45),(48),and (49)is:
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~A~ = 6.2 inchesof water,as o-ad with 6.0

incheswaterused in caseI.

(51) @ ValUS Of AP2 till,of comae,

IS takenframthe samegraph (fig.11) for the
NdZ/M2 - red/s.

(52) Fraltame (13).Emd (16)

Ml
~ = 4.C
L

cheakbecauseIt

sameValuemof

(53) Wlththe useof figure 9 and items (5), (6), (19),
and (46)

(54) If items (52)and (53)are usedand Interpolationis
iamade 2etweeafigures8(a)and O(b) fcr (z/d)eq= 36 (Item

(41)), then, q = 75.7perceritas comparedwith q = 75 percent
In caseI.

AnnularIntercooler

A typicalannul= intercool.er Se+-up is ehcnm in figure17.
The Intercoolerformsa toroldaroundthe sliperchargordirectly
behlfithe tinglnecylinderQ.The enginechergmi’low~radially
outwardi’rcunthe super::hargerthrougha s~:itablenwber of pmD-
sagesto the annularchamber, f)?~ wkler~ it fh)ws acroSe a al
numberof closelyspacedtubehnks. l%e chargethen flowsfrom
the emnul.archeamerIfitoa suitablanumbercf ductsleadingto
the cylhder intakes. In fli@t, one portioncf the corllngair
entering the cowling is deflected by bat’flos around the syl~er
fins for enginecoolingand anotherporticnIs dcfloctedinto
the cpenlngsbetweenthe cylinders.This coolingalr .floveinto
the annularopeningand tk~ugh the tubeswhere it pf.cksup the
heat of the charge. It Is then dlsc~-ged intothe campwtment
behindthe engine,fromwhereit flowsthroughthe cowlingexit,
togetherwith the enginecoolingair.

A comparisonof figures14(c)amd 15(c) showsthat,for
givencondltlcmsof pressuredrop and mass flew,the cooling
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effeotlvenesais Inoremed by reduoingthe nuuiberof tubebanks.
An exampleof sucha canparimn Is givenIn the followlngtable,

. . “ to be uid’with.,flgurea1+.(0)-and 1S(0): . .. .. ,,. . .._- .----

—

Fhmherof banka

~lAI?l~ inoheaof water

‘3”#P2) lnohescf water

%&

Z/d

lidZ/Nl

q, peroent

5

6

10

4

40

20.3

71

30

6

10

4

4U

22.5

66

If d, Z, and M2 rcmalnconstantwhilethe numberof
tubebanks la beingohangedfrom5 to 30, the numberof tubes
and lmncethe tubeweightmust bs increasedin the ratioof
22.5/20.3,as the tableslmwe. At the came time,the coolhg
effeot~ven.essIs reducedfrom 71 tc 66 peroent,as nhown. Thus,
it is seen thatthe interooolercf the ann’ul~rtype,whichin
meet oaseswouldrequirea ccmparutivclymall numberof barks,
is sllghtlyadvant~~oueovertypeshavinga largenwuberof banks
beoauseof the Increafledcooll~ efftmtlvencssas well us the reduoed
tubeweight. Also, tlibannularinterooolerrocei%esIts ooolingair
franwlthlnthe cowllngand requiresnc externalais sooop,which
wouldrequiroan addlilcnalexpenditureof powor Leoaueoof its
W.

CONCLJIU13VGREMARKS

The test resultsof tho tust unit oloaelycheckedthe perform-
ance of cross-flowt:lb~arlntercoO~ers~lcul.at~ 1- the eq~.
tionsderivedfrcmheat-transfertheory, The zwlatlveoffeCtOon
Intercmolerperformanceof varlcnmlntercoclerdimensionsare
easll~dotmmined frant% designcho.rtspresented. ThO design
of an lntorocolGr,whichheretoforeInvclvcdthe uso of’consider-
able test date and was a trial-and-errorprcoesa,is grocatl.y
simpl?fledby a properoorrelatlonof tiievariablesinvolvodin

—. —. -. ------ . —
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the present analy818. The resulting design chartq show that the
powerrequiredin fcrcingthe aoollngair - the ohargethrough
a well.-dealgnedInteroooleris small,PO that this powerIs of
seQondexyhportance to the weight,the size,ail the ruggdness
of oonstrrction of the Interccoler.Anuual hterooolerawith a
smallnumberof thbe banksEUW slightlymore effioientfor a
givenpowerexpenditurethan interooolerswith a largenumber
of banks,

The performance cf a oroas-fluwtubular Intercooler IEI
practloally Independentof the fuel-airratioof the engine
ohargeat a ohargeoutlet temperature o? 140°F.

Lan@ey Mmorial AeronautloelLaboratory,
NationalAdvlsorFCaumdtteeforAeronautics,

LangleyField,Va.

10 Anon.: FluidMeters- TheirTheory* Applloation.Pt. 1.
4th cd.,A.S.M.E.,1937.

2. MoAdems,Wllliam”H.:Heat Transmission.MoGrawH1l.1Bcok
Co.,Ino.,1933.

3. Prandtl,L., and Tiet~ens,O. G.: ApplledHydro-and Aero-
mecluulics. MoGraw-3111Book Cc.,Inc.,1934.
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